The nucleoside adenosine plays an important role as a neurotransmitter or neuromodulator in the central nervous system, including the retina. In the present paper we review compelling evidence showing that adenosine is a signaling molecule in the developing retina. In the chick retina, adenosine transporters are present since early stages of development before the appearance of adenosine A1 receptors modulating dopamine-dependent adenylate cyclase activity orA2 receptors that directly activate the enzyme. Experiments using retinal cell cultures revealed that adenosine is taken up by specific cell populations that when stimulated by depolarization or neurotransmitters such as dopamine or glutamate, release the nucleoside through calciumdependent transporter-mediated mechanisms. The presence of adenosine in the extracellular medium and the long-term activation of adenosine receptors is able to regulate the survival of retinal neurons and blocks glutamate excitoxicity. Thus, adenosine besides working as a neurotransmitter or neuromodulator in the mature retina, is considered as an important signaling molecule during retinal development having important functions such as regulation of neuronal survival and differentiation.
INTRODUCTION
The original demonstration by Sattin and Rall (1970) that the nucleoside adenosine regulates adenylate cyclase activity was followed by many studies that had stablished adenosine as an important signalling molecule in vertebrates. The presence of adenosine-sensitive adenylate cyclase was detected in several tissues and cell types (Premont et al. 1977, de Vente and Zaagsma 1981, Anand-Srivastava and  *This work is dedicated to the memory of Dr. Carlos Chagas Filho, founder of the Institute of Biophysics of the Federal University of Rio de Janeiro, for his enormous contribution for the formation of generations of students and brazilian scientists. Correspondence to: Roberto Paes-de-Carvalho E-mail: robpaes@vm.uff.br Franks 1985) . The regulation of adenylate cyclase by adenosine analogs is mediated through different mechanisms depending on their chemical structure. For example, analogs modified in the purine moiety promote adenylate cyclase stimulation or inhibition whereas analogs modified in the ribose only promote inhibition of the enzyme. Based on these differences, analogs were then classified as ''R'' site or ''P'' site agonists, depending if they were respectively modified in the purine or ribose moieties Wolff 1977, Newman 1983) . The R sites were further identified as surface receptors and P sites as intracellular sites on the enzyme adenylate cyclase (Nimit et al. 1982 , Johnson and Shoshani 438 ROBERTO PAES-DE-CARVALHO 1990 , Dessauer and Gilman 1997 .
The distinction between adenosine surface receptors and intracellular sites was demonstrated in some ellegant pioneering studies that showed the existence of two types of surface receptors named A1 and A2 receptors (Van Calker et al. 1979 , Londos et al. 1980 . A1 receptors are negatively coupled to adenylate cyclase while A2 receptors are positively coupled to the enzyme. Begginining in the decade of 1980, several studies were able to measure adenosine receptors using binding protocols (Wu et al. 1980 , Goodman et al. 1982 , Bruns et al. 1983 , Yeung and Green 1984 , Stiles 1985 . Specially important in this case was the discovery that large amounts of adenosine are released from intact tissues or homogenates and compete with the binding of labeled adenosine or analogs. The preincubation with adenosine deaminase, an important enzyme of the adenosine catabolism that promotes the elimination of endogenous adenosine and formation of the inactive compound inosine, was a procedure to detect the binding of high affinity deaminaseresistant analogs to adenosine receptors.
Recently, cloning studies have revealed the existence of subtypes of A2 receptors (A2a and A2b) and also A3 receptors (Snell et al. 2000 , d'Alcantara et al. 2001 , Talukder et al. 2002 . The surface receptors for adenosine, with the exception of A3 receptors, are antagonized by methylxanthines (van Gallen et al. 1994 , Klinger et al. 2002 , while the actions via ''P'' sites are blocked by adenosine transport inhibitors. Studies with knockout mutants have revealed many important functions of adenosine receptors such as the regulation of inflammation (Ohta and Sitkovsky 2001) .
Besides its distribution in several tissues, adenosine receptors are widely distributed in the central nervous system. Although A2 receptors seem to be concentrated in the striatum of adult animals (Fink et al. 1992, Marala and Mustafa 1993) , very little is know about the development of these receptors and localizations in the embryo. The A1 receptors present a wider distribution and many studies have stablished a presynaptic localization for these receptors (Oliet and Poulain 1999, Poli et al. 2001) where they can regulate the release of excitatory neurotransmitters (Goodman et al. 1983) .
ADENOSINE IN THE RETINA
The retina, a part of the central nervous system, is a very useful model for the study of development of neurotransmitter systems (Fung et al. 1982 , Messersmith and Redburn 1993 , Salceda and Vilchis 1994 , Johansson et al. 2000 , Johansson and Ehinger 2001 . Indeed, many studies showed the ontogeny of GABA, dopamine, glutamate, acetylcholine and other systems in the chick retina (de Mello et al. 1976 , Araki et al. 1983 , Ventura et al. 1984 , Lankford et al. 1988 , Ventura and de Mello 1990 , Huba and Hofmann 1991 , Shah and Hausman 1993 , Calvet and Ventura 1995 , Sampaio and Paes-de-Carvalho 1998 , Soares et al. 2000 . The purinergic system is also present in the retinas of several species (Blazynski and Perez 1991) participating in the control of cone photoreceptor movements (Rey and Burnside 1999) or regulating waves of spontaneous neural activity (Stellwagen et al. 1999) .
Here we will review some aspects of the development of the adenosine system in the chick retina.
I -Adenosine-dependent Adenylate Cyclase in the Chick Embryo Retina
The presence of an adenosine-dependent adenylate cyclase activity was first described in the chick embryo retina (Paes-de-Carvalho and de Mello 1982) and also detected in the mammalian retina (Blazynski et al. 1986 ). The increase of cyclic AMP levels of 17-day-old (E17) chick embryo retinas was 3-4 times larger with RO20-1724 than with IBMX, two different phosphodiesterase inhibitors. The higher level obtained with RO20-1724 could be inhibited by adenosine deaminase or IBMX, an adenosine antagonist, and under these conditions could be stimulated with 2-chloroadenosine, an adenosine deaminase-resistant analog. The data indicated that endogenous adenosine released from incubated retinas is able to stimulate adenylate cyclase. The elevation of cyclic AMP levels promoted by the activation of A2 adenosine receptors was first detected at E14, a period in which the first synaptic contacts are observed in the tissue, increasing in subsequent days up to E17 and decreasing thereafter, attaining low levels in the post-hatching period (figure 1).
II -Development of A1 Receptors in the Retina: Interactions with the Dopaminergic System Dopamine receptors coupled to adenylate cyclase are also present in the chick retina and their stimulation promotes cyclic AMP accumulation since E7 (de Mello 1978) . In an attempt to study the interaction of the two adenylate cyclase systems (adenosine and dopamine -dependent) present during development of the chick retina, we performed experiments using retinas from E17 embryos, a stage in which the two systems coexist in the retina (Paesde- Carvalho and de Mello 1985) . We found that the accumulation of cyclic AMP by dopamine and adenosine was not additive using saturating or subsaturating concentrations of both ligands. One hypothesis for this discrepancy was the presence of inhibitory A1 adenosine receptors in the tissue. Indeed, we decided to test this hypothesis stimulating retinas from E10 embryos, a stage in which dopamine-dependent cyclic AMP accumulation is observed but not the accumulation of cyclic AMP by adenosine. We then found that at this stage adenosine analogs were able to promote a dose-dependent decrease of dopamine-dependent cyclic AMP accumulation. This effect was mediated by the activation of A1 receptors as demonstrated by pharmacological studies. The maximal inhibition attained was approximately 70% (figure 1). On the other hand, the maximal cyclic AMP accumulation induced by the mixed dopaminergic agonist apomorphine was only 30% of that observed with dopamine at E8 and, at the post-hatching period, the effects of dopamine or apomorphine were small. Interestingly, adenosine was not able to inhibit the effect of apomorphine at all developmental stages as well the effect of dopamine at the post-hatching period (figure 1). It was proposed the existence of two types of dopamine receptors coupled to adenylate cyclase in the chick retina, one present only in the early periods of development that could be regulated by adenosine interacting with A1 receptors and a second type that is stimulated by both dopamine and apomorphine, is present throughout development and also in the post-hatching period and that is not regulated by adenosine (Paes-de- Carvalho and de Mello 1985) . These studies raised the possibility for the existence of embryonic subtypes of dopamine D1 and adenosine A1 receptors that could be playing important roles during development of the retina. This idea was strengthened by the finding that dopamine could regulate neurite outgrowth of retinal neurons (Lankford et al. 1988 ) and that two subtypes of D1 receptors are expressed in the developing retina (Soares et al. 2000) . However, although the regulation of dopamine-dependent cyclic AMP accumulation was no longer detected in post-hatched retinas (figure 1), adenosine analogs are able to inhibit forskolin-stimulated cyclic AMP levels in posthatched retinas (Paes-de-Carvalho 1990) , indicating that these receptors are still present at this stage possibly playing a different role but not related to the stimulation of dopamine receptors. Binding studies confirmed these findings showing that A1 receptor density varies strinkingly during retinal development being present since E10, attaining a maximum at E17 and decreasing to a constant level at posthatched retinas (Paes-de-Carvalho 1990) . The presence of A1 adenosine receptors regulating adenylate cyclase activity was also detected in the mammalian retina (Blazynski 1987) .
III -Localization Studies of Adenosine and Adenosine Receptors
The presence of adenosine as well as adenosine receptors were first characterized in the retina by immunocytochemistry and receptor autoradiography Dopamine receptors were stimulated by dopamine or the partial agonist apomorphine. Note the difference in the stimulated/basal ratio when retinas were exposed to dopamine or apomorphine in the embryonic period while the ratio is similar at the post-hatching period. The activation of adenosine A1 receptors blocks the stimulation by dopamine, but not apomorphine, in the embryonic retina. At the post-hatching period, the effects of both dopamine or apomorphine are not regulated by A1 receptors.
by Braas et al. (1986 Braas et al. ( , 1987 . These authors showed the presence of adenosine and adenosine A1 receptors predominantly localized in the ganglion cell layer of mammalian retinas. Other studies revealed by autoradiography the uptake of ( 3 H)adenosine into horizontal cells in the goldfish retina (Studholme and Yazulla 1997), cells located in the ganglion cell layer of mammalian retina (Blazynski 1989) and cells that display GABA immunoreactivity in the chicken and rabbit retina (Perez and Bruun 1987) . However, further studies with the chick retina showed the localization of adenosine immunoreactivity in ganglion cells, amacrine cells and also photoreceptors (Paesde- Carvalho et al. 1992) . The same study showed that A1 adenosine receptors are detected since E12 in the plexiform layers of developing and mature retinas.
IV -Adenosine Transport Sites
The presence of nucleoside transporters was described in several tissues and central nervous system areas (Cass et al. 1998 , Parkinson 1999 ) and subdivided in two major subclasses, concentrative (CNTs, sodium-dependent) and equilibrative (ENTs, sodium-independent) (Visser et al. 2002) . The equilibrative transporters are ubiquitously distributed and further classified as sensitive (es or ENT1) or insensitive (ei or ENT2) to the inhibitor Nitrobenzylthioinosine (NBI). The es subtype has a widespread distribution and seems to be the major transporter in the CNS (Anderson et al. 1999 , Sinclair et al. 2001 . The binding of the nucleoside inhibitors ( 3 H)dipyridamol and ( 3 H)NBI was detected in the CNS (Deckert et al. 1988 a,b, Marangos and Deckert 1987) . In the chick retina, ( 3 H)NBI binding is detected since early stages of development (E8) up to post-hatched animals (Paesde- Carvalho et al. 1992) . Autoradiograhic experiments revealed the presence of transport sites distributed throughout the tissue at E8, suggesting the expression of these sites in neuroblasts. Interestingly, A1 or A2 receptors could not be detected at this developmental stage. At later stages of development, the transporters could be localized predominantly in the plexiform layers in localizations similar to that found for A1 receptors (Paes-de- Carvalho et al. 1992 ).
CELL CULTURE EXPERIMENTS
Many neurotransmitter systems are expressed in cultures of retinal cells in a similar manner as in the developing intact tissue (Mockel et al. 1994 , Cossenza and Paes-de-Carvalho 2000 , Sholl-Franco et al. 2000 , Yasuyoshi et al. 2002 . Different types of retinal cultures can be used for the study of neurotransmitters and other signaling molecules: High-density mixed cultures containing neurons and glial cells (monolayers or aggregates) and purified cultures of neurons or glial cells (de Mello et al. 1982 , Cossenza and Paes-de-Carvalho 2000 , de Almeida et al. 2002 . In the next sections we will describe experiments performed using the retinal cultures to study the properties of the adenosine system in the retina.
I -Adenosine-dependent Adenylate Cyclase
The accumulation of cyclic AMP induced by adenosine was also detected in high-density monolayer cultures of chick retinal cells (de Mello et al. 1982, Paes-de-Carvalho and de Mello 1982) . The effect is observed as soon as 1 day after plating retinal cells from 8-day-old embryos (E8C1), increases after E8C3 and attains maximal levels at E8C4. The incubation of cultures for 72 hours with adenosine promoted a 3-fold decrease in the cyclic AMP accumulation induced by the nucleoside, suggesting that the A2 receptors can be desensitized or downregulated during a long-term exposure of cells to adenosine (de Mello et al. 1982) . Although the A2 receptor-mediated cyclic AMP accumulation is detected in the monolayer cultures, no inhibition of dopamine-dependent adenylate cyclase mediated by A1 receptors were found in these cultures, in opposition of what is observed in the intact retina or cultured cell aggregates (Paes-de-Carvalho 1987) , probably reflecting differences in the expression of A1 receptors (see section V below).
II -Adenosine Immunocytochemistry and Uptake
Adenosine immunoreactivity as well as uptake and release processes for the nucleoside were extensively studied in purified cultures of retinal neurons and photoreceptors ).
Adenosine immunoreactive cells are abundant in these cultures and detected as early as six hours after seeding the cells (Paes-de- ).
In 6 day-old cultures (E8C6), virtually all photoreceptors are labeled whereas around 40% of neurons display immunoreactivity. Adenosine is taken up by purified cultures of retinal neurons through a very active mechanism that can be blocked by dipyridamole or NBI, indicating the predominance of the es transporter subtype ). The uptake is temperature-dependent, sodium-independent and abolished when ( 3 H)adenosine is preincubated with adenosine deaminase, indicating that the process is specific for adenosine and not for inosine. Uptake autoradiographic experiments show that about 50% of neurons and all photoreceptors are labeled. Double -labeling experiments performed using ( 3 H)adenosine uptake autoradiography and adenosine immunostaining showed that while virtually all photoreceptors and about 40% of neurons are double -labeled, small populations of neurons (around 10% each) were positive only for autoradiographic grains or adenosine immunoreactivity. The significance of these results are presently unknown but probably reflects intense metabolism of adenosine after uptake into neurons.
III -Release Experiments
The radioactivity taken up by the cells when exposed to ( 3 H)adenosine could be released after depolarization with high potassium concentrations, an effect that is blocked by removing calcium ions from the extracellular medium, indicating that adenosine is released from retinal neurons in culture by a calcium-dependent mechanism. However, the analysis of extracellular radioactivity revealed that 70% of released material is found as inosine and only 10% as adenosine. Similar findings were reported by Perez et al. (1986) using intact rabbit retina. One hypothesis would be that inosine is synthezised from adenosine taken up by neurons and released after depolarization. Alternatively, adenosine is released and converted to inosine in the extracellular medium by an ecto adenosine deaminase (Franco et al. 1997) . A third alternative would be the release of ATP and conversion to adenosine and inosine by ecto-nucleotidases and ecto-deaminase (Dunwiddie et al. 1997 , Santos et al. 1999 . Although this possibility is feasible because of the high conversion of taken up adenosine to nucleotides in retinal cultures, we were unable to block the detection of adenosine and metabolites in the released material using nucleotidase inhibitors such as αβ-methylene ADP plus GMP (Knofel and Strater 2001). Dopamine and glutamate are also able to promote the release of radioactivity when retinal cells in culture are previously labeled with ( 3 H)adenosine. Figure 2 shows the result of experiments in which these pre-labeled cultures were stimulated with dopamine. The release is observed with 10 or 100 µM dopamine and is reversible upon removal of exogenous dopamine. The release by glutamate is mediated by the activation of NMDA receptors and blocked in the absence of calcium in the extracellular medium or by NBI (Paes-de-Carvalho R, Dias BV and Martins RA unpublished results), indicating that the release is mediated by the transporter and by a calcium-dependent process. Our recent unpublished data also show that both the uptake and release stimulated by glutamate are inhibited by the CAMKII inhibitors KN62 or KN93, indicating that the transport is modulated by this enzyme activity.
IV -Binding Studies of Transporter Sites
The presence of adenosine uptake sites was also detected by binding of ( 3 H)NBI to live cells in highdensity retinal cultures. The kinetic analysis showed that equilibrium is attained after 10 minutes and could be reversed after addition of unlabeled NBI (figure 3). The binding was saturable and showed one class of sites with a Kd of 1.94±0.56 nM. Interestingly, B max values, but not K d values, decreased when cultures were pre-treated for 5 days in the presence of 100 µM adenosine plus 10 µM EHNA, an adenosine deaminase inhibitor (figure 4), suggesting that the number of transporters in the plasma membrane can be modulated by the presence of adenosine in the extracellular medium. Moreover, the uptake capacity is also decreased in the cultures exposed to adenosine (not shown).
V -Studies on the Expression of A1 Receptors in Retinal Cultures
As described above, the presence of A1 adenosine receptors was demonstrated in the chick retina since early developmental stages. These receptors were detected by binding studies (Paes-de-Carvalho 1990) and also by the inhibition of cyclic AMP accumulation induced by dopamine (Paes-de-Carvalho and de Mello 1985) or forskolin (Paes-de-Carvalho 1990 ). However, this inhibitory effect was observed in cultures of retinal aggregates but not in monolayer cultures (Paes-de-Carvalho 1987) . Although some studies revealed the presence of A1 binding sites in monolayers of chick retinal cells (Santos et al. 1998a,b) , our recent data show the absence of ( 3 H)DPCPX or ( 3 H)CCPA binding sites in these cultures. This discrepancy could be related to the amount of cell aggregation found in the cultures, since preliminary experiments show an increase of A1 receptors in aggregate cultures or monolayer cultures in which the cells were poorly dissociated before seeding (Paes-de-Carvalho R and Pereira MR unpublished results). Moreover, the number of A1 receptor sites is greatly increased in cultures treated with 8-bromo cyclic AMP, suggesting that the expression or activity of these receptors are regulated by the activity of PKA.
VI -Modulation of Acetylcholine Release by A1 Adenosine Receptors
Adenosine is considered as a modulator of transmitter release in the CNS and several reports showed a modulation of glutamate, acetylcholine and serotonin release from presynaptic terminals (Santos et al. 2000 , Okada et al. 2001 , Marchi et al. 2002 . Recently, Santos et al. (1998a Santos et al. ( ,b, 2000 showed that the activation of A1 receptors modulates the release of acetylcholine from cultured retinal cells. This effect was due to a selective inhibition of N-type calcium channels coupled to the release of acetylcholine, but not of GABA, and in a Pertussis toxin sensitive way (Santos et al. 1998a (Santos et al. ,b, 2000 . Moreover, these authors demonstrated that the release of acetylcholine in the cultures is under a tonic inhibition by endogenous adenosine present in the cultures (Santos et al. 1998a,b) .
ADENOSINE SIGNALING AND NEURONAL SURVIVAL
The neuroprotective effect of adenosine is well stablished (Fredholm 1997, Dunwiddie and in several CNS areas where the nucleoside is liberated during hypoxia and ischemia (Coelho et al. 2000 , Dale et al. 2000 as well as during epileptiform activity (Berman et al. 2000) . It is believed that the neuroprotective effect of adenosine is mediated by activation of A1 receptors although some reports indicate a participation of A2a receptors (Ongini et al. 1997 ).
In the retina, adenosine plays a protective role in ischemia-reperfusion injury (Roth 1995) possibly through activation of A1 and A2a receptors (Li et al. 1999 ). During early embryonic development, after arrest of cell division, retinal cells differentiate and migrate to their definitive positions in the tissue (Spence and Robson 1989) , whereas the subsequent programmed cell death stablishes the final number of cells. The biochemical and developmental processes that control cell death are currently under study (for a review see Linden et al. 1999) . Noteworthy, the precise timing of ocurrence of the phenomenon is believed to be regulated by specific biochemical mechanisms that are possibly under control of extracellular signals such as neurotrophic factors and neurotransmitters (Araujo and Linden 1993 , Varella et al. 1999 . In the following sections we describe experiments that indicate adenosine as an important modulator of neuronal survival as well as a neuroprotective substance.
I -Adenosine Regulates the Survival of Neurons and Photoreceptors in Culture
The presence of adenosine markers such as receptors, transport sites and coupling to second messenger systems during early development of the retina suggested a possible role of the nucleoside as a signalling molecule during early retinal development. Our recent results indicate that one role of the nucleoside is to regulate neuronal survival. When purified cultures of retinal neurons and photoreceptors are refed with fresh medium they display an intense death of both neurons and photoreceptors, an effect that can be greatly reduced when the cultures are preincubated with adenosine (Paes-de-Carvalho and Maia 1996) . The protective effect is mimicked by A2a adenosine receptor agonists, the uptake blocker NBI or cyclic AMP analogs, but not A1 receptor agonists. The cell death was also observed when cultures were incubated with adenosine deaminase but not when cultures were refed with a conditioned medium obtained from ''sister'' cultures (Paes-deCarvalho R, Maia G and Ferreira JM unpublished results) . The data strongly indicate that the presence of adenosine is essential for neuronal survival in the cultures playing a trophic function per se or regulating the secretion or response to specific trophic factors.
II -Adenosine Blocks Glutamate Excitotoxicity in Retinal Neuronal Cultures
When retinal neurons in culture are exposed to glutamate, an extensive cell death is observed that is prevented by MK 801, an NMDA receptor antagonist, or DNQX, an AMPA/kainate antagonist (Ferreira and Paes-de-Carvalho 2001) . Kainate also promotes a similar excitotoxic effect that is blocked by MK 801, indicating that the cell death is mediated by the activation of NMDA receptors. Noteworthy, preincubation of cultures with adenosine, NBI or cyclic AMP analogs promotes an intense neuroprotection from the excitotoxic effects of glutamate or kainate. The effect can be observed with a preincubation of 2 hours but is maximal with 24 hours, indicating the need for a long-term exposure of cells to the nucleoside to occur the neuroprotection. A2a receptor agonists such as CGS 21680 or DPMA, but not the A1 agonist CHA, have similar protective effects, demonstrating the importance of A2a receptors coupled to adenylate cyclase in the phenomenon. The results highlight the role of adenosine as a regulator of cell survival in the developing retina.
CONCLUSIONS AND PERSPECTIVES
Although the data reviewed in this paper strongly support the role of adenosine as a neurotransmitter in the adult retina and also as a modulator of neuronal survival and differentiation during development, much work still remains do be done in order to elucidate the mechanisms of action of the nucleoside in the adult or developing retina. For example, the transduction pathways involved in adenosine actions appear to involve more than the regulation of adenylate cyclase and PKA since the nucleoside regulates PKC and also MAP kinases in other tissues (Linden et al. 1998, Arslan and . The regulation of these pathways could have important roles in the retina specially during devel-opment. Our recent experiments demonstrate that adenosine stimulates ERK1/2 in purified cultures of glial cells via activation of A1 receptors (Silva IA, Leão-Ferreira L and Paes-de-Carvalho R unpublished results). Interestingly, this effect is not observed in mixed high-density cultures, suggesting that this response is modulated by neurons. Moreover, although adenosine is accumulated in photoreceptors, amacrine and ganglion cells and A1 receptors and adenosine transporters are visualized in the retinal plexiform layers, the cell localization of the receptors is unclear. Further work is necessary using specific antibodies against the different adenosine receptors in order to localize the receptors among the different cell types in the retina and to study their expression during development. The data presented in this review also showed important effects of adenosine as a survival factor and neuroprotective molecule in the retina. Recent results from our laboratory shows that long-term activation of adenosine receptors modulates the expression of NMDA glutamate receptors in cultures of retinal cells (Ferreira JM and Paes-de-Carvalho R unpublished results) , an effect mimicked by cyclic AMP analogs. The mechanisms involved in these effects of adenosine and the possible relations with neurodegenerative diseases also deserve further studies.
ACKNOWLEDGMENTS
This work was supported by the Brazilian National Research Council (CNPq) and the Research Foundation of Rio de Janeiro (FAPERJ). We wish to thank the staff of the laboratory of Cellular Neurobiology for helpful discussions. de Almeida OM, Gardino PF, Loureiro dos Santos
